Keywords: functional wearable device; flexible sensor; film of nanowire cluster; colorimetric plasmonic device Wearable plasmonic devices combine the advantages of high flexibility, ultrathinness, light weight, and excellent integration, with the optical benefits mediated by plasmon enhanced electric fields. However, two obstacles severely hinder further developments and applications of wearable plasmonic device. One is the lack of efficient approach to obtaining devices with robust anti-motion-interference property, i. e. the devices can work independently on the morphology changes of their working structures caused by arbitrary wearing conditions. The other issue is to seek a facile and high-throughput fabrication method to satisfy the financial requirement of industrialization. In order to overcome these two challenges, we develop a functional flexible film of nanowire cluster, which can be easily fabricated by taking the advantages of both conventional electrochemical and sputtering methods. Such flexible plasmonic films can be made into wearable devices working independently on shape changes induced by various wearing conditions (such as bending, twisting, and stretching).
Introduction
Wearable devices are attractive for opening up a comfortable, convenient, and secure life pattern, since they can be integrated with clothes, [1, 2] eye glasses, [3] wristwatches, [4] and even skin sensors. [5, 6] For example, previous reports on wearable devices have focused on sensing and signal processing for artificial electronic eye accessories, [7] artificial skin, [8] [9] [10] [11] [12] [13] [14] [15] and health monitoring devices. [16] [17] [18] [19] Generally, the rapid and flourishing progresses of wearable devices are mainly supported by the developments of various flexible devices, such as flexible batteries, [20] flexible sensors, [21, 22] and stretchable display. [23] In addition, in order to pursue large signal-noise ratio, boosting working process, or realizing wirelessly active devices, plasmonic materials which are nanostructure that can sustain collective electron oscillations at their surface and therefore process an incomparable ability of controlling local electromagnetic field, have been widely applied into the fabrication of flexible devices. As consequences, notable achievements have been made due to the study of flexible plasmonic devices, such as tunable flexible plasmonic resonators, [24] [25] [26] flexible surface enhanced Raman scattering (SERS) devices, [27, 28] plasmonic-enhanced polymer solar cells and organic photovoltaics, [29] [30] [31] enhanced multicolour photodetectors, [32] multifunctional flexible plasmonic nanorod array, [33] and plasmonic biosensor on various flexible substrates. [34] [35] [36] [37] [38] More importantly, with the advantages of light manipulation, plasmonic structure gives a colorful future for wireless visualized technique, [39, 40] which has recently exhibited great advances in the field of wearable device fabrication. [41] There are two main obstacles that hinder further development of flexible plasmonic devices. On one hand, the traditional fabrication approaches for flexible plasmonic nanostructures typically involve standard nanolithography techniques, which exhibit shortcomings of high-cost and sophisticated manufacturing processes. On the other hand, since the plasmon properties are highly dependent on the geometrical morphology of plasmonic nanostructures, the functionalities of flexible plasmonic device may be greatly influenced when the devices are being bended, twisted, or stretched, which leads to microscopic structure changes of the working plasmonic structure. [24, 28, 37] This latter issue is so vital that it may curtail the deployment of any realistic application of plasmonic flexible devices for wearable equipments.
In order to address these two problems, we propose an easy and high-throughput strategy for fabricating flexible plasmonic sensors. We used a special kind of disordered anodic alumina oxide (DAAO) substrate and conventional sputtering technique to prepare nanowire cluster film (NWCF), and integrated the NWCF with polydimethylsiloxane (PDMS) to fabricate flexible devices. Our product can not only be scalable with good flexibility, but also can be made into wearable visualized sensing device which works independently on any bended or stretched conditions. Considering the inexpensive cost, the ease of fabrication, and the powerful functions, it is believed that our findings will be helpful for paving the way of flexible plasmonic device into the real industrial applications.
Results
The structure of nanowire cluster is fabricated by a one-step sputtering process on the DAAO substrate ( Figure 1) . As it is well-known that the sputtering technique is a convenient and widely used approach for depositing nanostructures on various substrates, and such approach is famous for its advantages of low equipment requirements, large sample area, and easy proceedings. However, due to the isotropic growth possibility of the sputtered metal ions, using normal flat substrates can only lead to the structure of nanofilm. [40] Although in our previous studies we were able to make nanoparticle film [42, 43] by adjusting the sputtering atmosphere, such strategies did not change the isotropic growth property of sputtering technique. Herein, by replacing the normal substrate with DAAO, we make the first successful trial to fabricate anisotropic nanostructure of nanowire by sputtering technique at room temperature. Our method expands the application of sputtering from isotropic to anisotropic [44] , which will greatly extend the utilizations of sputtering technique in the field of nanofabrication and nanomaterials. Table S1 in supporting information).
Moreover, the extinction spectra of the flexible NWCF film also display similar shapes for different stretch rates (η, which is defined as the increased length divided by the original length) or after being bended for ever one thousand times (Figure 3d , original data are given in Figure S4 ). These experiments indicate that the NWCF exhibits outstanding stability and durability. Figure 3b,c demonstrate that the NWCF has robust anti-interference property, and in order to reveal the reason for such good characteristics, we carried out theoretical calculations. For an anisotropic nanostructure of nanowire, two plasmon modes can be sustained, which are the transverse and longitudinal plasmon modes (TPM and LPM), ascribed to the electron gas oscillating along the short and long axis of the nanowire, respectively (Figure 4) . Therefore, the TPM and LPM depend on the effective lengths of the short and long axis, correspondingly.
Generally, when the nanowires are embedded on some flexible device, they will be bended or stretched, and these conditions bring about obvious geometry changes, which may change the effective length on both transverse and longitudinal direction and therefore influence the 8 plasmon modes. However, after theoretical calculations by choosing the morphology structure parameters of typical experimental values, it is exciting to find that TPM and LPM exhibit completely different behaviors with geometry changes. Greatly different from the LPM, which is very sensitive to the length of the nanowire, the resonant peak of TPM is pinned at ~346 nm, despite of the length modification of the short axis from 20 to 40 nm (Figure 4a and   b ). In addition, when the silver nanowire is placed on the surface of an alumina template ( Figure S5 ), one can find that the extinction spectra exhibit few changes with the increasing of length in long axis. Also, these simulation results are in good agreement with the experimental results, where only strong TPM can be found (Figure 3c ). Furthermore, it is interesting to find that as one single nanowire structure extends to the structure of nanowire cluster, large electric field enhancements induced by plasmon coupling can be obtained at the sites between adjacent nanowires (Figure 4c ). Because large electric field enhancements can always lead to high sensitive sensing and signal enhancements, [45, 46] the NWCF with large working area can be a more suitable sensing material than a single nanowire. Based on the above experimental and theoretical findings, we can conclude that the photonic response of the flexible NWCF works independently on arbitrary bending or stretching conditions, which promotes them as an ideal material for plasmonic flexible sensing devices. This good characteristic roots from the fact that the related working plasmon resonant peak at ~370 nm is the TPM of Ag nanowire, and the extinction peak of this mode only depends on the diameter of a nanowire. The changes in the long axis or incident angle make few contributions to the TPM. In our samples, since the change in nanowire diameter is small, the TPM works independently on geometry changes caused by bending or stretching.
Importantly, it should be pointed out that although many plasmonic flexible sensing devices have been proposed, the plasmonic properties of the majority of such devices may vary because of their morphology changes caused by stretching or bending. Therefore, the working data from these flexible sensing devices can only be obtained without morphological changes,
i. e. maintaining the original length and bending curvature radius. Our approach removes such inconvenience, which makes us believe its great potentials in building real wearable plasmonic devices.
After the investigations of flexibility and plasmonic property, we applied the flexible NWCF into constructing a wearable sensing device. Figure 5a gives the normalized extinction spectra of the NWCF in different environments of refraction indexes, and the linear fitting of the extinction peak dependence on refraction index is in Figure 5b . Although the independence of TPM on shape changes is good for flexible sensor, the refractive index sensitivity (RIS) based on it is much lower than that mediated by LPM. So, seldom reports about the TPM sensing devices are found. However, in this paper, due to the special nanostructure of nanowire cluster, the sensing ability of TPM is enhanced (as demonstrated in Figure S6 ), showing a RIS of 140.1 RIU/nm (Figure 5a and b) . Such RIS value is comparable with the best result relied on LPM (Table S2 in Supporting Information). In addition, the experiments demonstrate that the RIS of NWCF is high enough to bring about obvious changes in extinction spectra when extremely small amount of water (0.028 mg/mm 2 ) is deposited on the NWCF, exhibiting two extinction peaks located at ~365 nm and ~400 nm, respectively ( Figure 5c , the sample area is about ~500 mm 2 , the weight of attached water can be measured by an analytical balance with precision of 0.1 mg). Many switching cycles have been performed, and the extinction spectra of NWCF show robust reproducibility, which means that the peak of extinction spectrum moves to ~400 nm when the NWCF is wet, and returns back to ~365 nm when the NWCF is dry (Figure 5d ). Also, if we change the pure water to sweat or NaCl solution (using the equivalent concentration of NaCl in sweat), the same drifting cycles of peak wavelength can still be observed. Additionally, it is found that its response time is within ~1 s. These facts encourage us to make a sport bracelet with the flexible NWCF. In brief, we put a paper mask with a star shape hole onto the DAAO substrate before silver sputtering, and then we could obtain a NWCF with star pattern. After using the above-mentioned method of replacing Al substrate with a PDMS film (Figure 3a) , the sport bracelet was fabricated. Referring to the working performance of this bracelet, the star pattern shows the color of bright white at the beginning, and the whole star changes to bright yellow after ~20 min of running, because of sweating (Figure 5e,f) . In addition, after the NWCFs go through different hydrophobic treatments, the amount of water that can make the NWCF change color will be increased. By arranging several NWCFs with different hydrophobic treatments together, one is able to deduce amount of sweat which is related to sport conditions ( Figure S7 ). Such wearable active plasmonic sensor not only possesses the advantages of wirelessly visualizing, but also can be easily fabricated with large scale. Furthermore, except for the bracelet, the flexible NWCF can also be used in clothes design or commercial logo decorations. Also, it is found that small parts of silver oxide (Ag 2 O) are generated on the NWCF surface ( Figure S8 ) which is stable under ambient condition. [47, 48] As a result, the Ag NWCF not only exhibits remarkable mechanical durability (e.g. bending and stretching), bus also shows good stability under ambient condition. 
Conclusion
In summary, we proposed a novel strategy to generate functional nanostructure of flexible nanowire cluster film, which was easily fabricated by the widely-used conventional sputtering technique with the help of a disordered alumina substrate. Such strategy successfully obtained metallic (e.g. Al, Ag, Au, Pt) anisotropic structures of nanowire by sputtering at room temperature, which is rare in previous reports. Because of the advantages of sputtering, this new approach enables us to fabricate samples in centimeter-scale with simple procedures.
Also, using the transverse plasmon mode of nanowire clusters for sensing, such flexible plasmonic films exhibited high sensitivity and robust anti-motion-interference merits when it was applied to build humidity sensors, showing a sensing threshold of 0.028 mg/cm 2 and working completely independently on arbitrary bending or stretching conditions. Furthermore, we made the flexible nanowire cluster film into a bracelet to monitor sport sweating conditions, and found that the sensing information of the wearable plasmonic bracelet can be wirelessly visualized. Based on those merits, it is believed that the functional structure of nanowire cluster film, together with its fabrication strategy, will find great applications in wearable sensors, flexible display devices and high surface-area catalyst.
Experimental Section
Preparation of the flexible Ag nanowire cluster film: The Ag nanowire cluster was fabricated on the DAAO substrates. The DAAO substrates were previously prepared using an optimized two-step anodization process. Prior to the anodization, the aluminum sheets (purity 99. In the second anodization step, the etched aluminum sheet was anodized using 10 wt% H 3 PO 4 .
The growth voltage was set to 40 V and lasted for 3 min. Thereafter the voltage was quickly raised to 80 V and lasted for another 2.5 h. During these processes the preparation temperature was controlled around 20 °C. After the growth of the DAAO substrate, the Ag nanowire cluster was obtained by sputtering under a current of 60 mA (Q150 T ES, Quorum).
In particular, we put a paper with a star shape hole onto the DAAO substrate before silver sputtering to fabricate the sport bracelet in Fig. 5e and 5f. Lastly, in order to make flexible NWCF, the Al substrate on which the DAAO is grown was removed by CuCl 2 (1.5 M) and replaced with PDMS. After heating to 70 °C and retaining this temperature for 5 h, the flexible Ag nanowire cluster film was formed.
Optical and morphology characterization: All extinction spectra were measured on an ultraviolet/visible/near-infrared spectrometer (Lambda 950, PerkinElmer). In order to measure the extinction spectra under different conditions, a special box was made to fix the sample when it was being bended or stretched. The sample was round in shape with a diameter of ~3.5 cm. In the humidity sensing measurement, the water was attached on by exposing the sample to water steam. The SEM images were taken by a Zeiss Auriga-39-34 (Oberkchen, Germany) microscope operating at 5.0 kV.
Numerical simulations:
The simulation results shown in Figure 4 were calculated with Finitedifference Time-domain (FDTD) method, using a commercially available FDTD simulation software package from Lumerical Solutions. The light source was total-field scattered-field, the mesh step was set as 0.2×0.2×0.2 nm and the boundary condition was perfectly matched layer (PML). The permittivity of silver was taken from Palik. [49] Supporting Information Supporting Information is available from the Wiley Online Library or from the author.
Figures Figure 1 . The difference between isotropic and anisotropic sputtering growth. Using normal substrates such as Si, SiO 2 , and even normal AAO template, due to the isotropic growth possibility of the sputtered metal ions, only isotropic structure of nanofilm can be obtained.
But, applying the DAAO as substrate, anisotropic structure of nanowire can be obtained by one-step sputtering process. 
